N-terminal pro B-type natriuretic peptide (NT-proBNP) is a product of cleavage of the cardiac prohormone pro B-type natriuretic peptide into its active form. It has proven to be a useful biomarker in left heart failure. However, studies examining the utility of serial measurements of NT-proBNP in pulmonary arterial hypertension (PAH) patients have shown mixed results. We compared three methods of predicting adverse clinical outcomes in PAH patients: the change in 6 minute walk distance (6MWD), the change in absolute levels of NT-proBNP and the change in log-transformed levels of NT-proBNP. All PAH patients presenting from March-June 2007 were screened. Patients who were clinically unstable, had abnormal renal function or hemoglobin levels or lacked a prior NT-proBNP were excluded. 63 patients were followed up for adverse clinical outcomes (defined as death, transplantation, hospitalisation for right heart failure, or need for increased therapy). Three methods were used to predict adverse events, i.e.: (a) comparing a 6MWD performed in March-June 2007 and a previous 6MWD. A decrease in 6MWD of ≥30m was used to predict clinical deterioration; (b) comparing a NT-proBNP value measured in March-June 2007 and a previous NT-proBNP. An increase in NT-proBNP of ≥250pg/ml was used to predict clinical deterioration (250pg/ml represented approximately 30% change from the baseline median value of NT-proBNP for this cohort); and (c) comparing the loge equivalents of two consecutive NT-proBNP values. We used the formula: loge(current NT-proBNP) -loge(previous NT-proBNP)=x. A value of x≥+0.26 was used to predict adverse events. This is equivalent to a 30% change from baseline, and hence is comparable to the chosen cut-off for absolute levels of NT-proBNP. A loge difference of ≥+0.26 identifies patients at risk of adverse events with a specificity of 98%, a sensitivity of 60%, a positive predictive value of 89%, and a negative predictive value of 90%. A drop in 6MWD of ≥30m has a specificity of 29%, a sensitivity of 73%, a positive predictive value of 24% and a negative predictive value of 24%. It seems possible to riskstratify apparently stable PAH patients by following the changes in their serial log-transformed NT-proBNP values. In this small pilot study, this method was better than relying on changes in the actual levels of NT-proBNP or changes in 6MWD. This needs to be validated prospectively in a larger cohort.
INTRODUCTION
Pulmonary arterial hypertension (PAH) is the term used to describe a group of rare conditions characterized by increased pulmonary artery pressures which lead to progressive right ventricular failure and death. Assessment of hemodynamic indices and exercise tolerance as measured by the six minute walk distance Log-transformation improves the prognostic value of serial NT-proBNP levels in apparently stable pulmonary arterial hypertension prognosis would be invaluable in establishing the optimal time to implement such measures.
N-terminal pro B-type natriuretic peptide (NT-proBNP) is a product of cleavage of the cardiac prohormone pro B-type natriuretic peptide into its active form. It is a valuable prognostic biomarker in patients with left heart failure. [3, 4] Indeed, treatment guided by serial monitoring of NT-proBNP has been suggested to be superior to treatment guided by a clinical disease severity score based on Framingham criteria. [5, 6] As a result of such studies, NT-proBNP has been investigated as a biomarker in PAH. Baseline levels of NT-proBNP have been shown to correlate with hemodynamic indices, 6MWD and right ventricular dimensions. [7, 8, 9, 10] Elevated baseline levels of NT-proBNP are also an independent predictor of mortality in patients with idiopathic PAH and PAH associated with scleroderma. [7, 11, 12] Despite this, studies examining the utility of serial measurements of NT-proBNP in PAH patients have shown mixed results. A small study following 20 patients with PAH established that a reduction in levels of BNP of ≥50% from baseline following the introduction of epoprostenol was strongly indicative of event-free survival for the following year. [13] However a larger study in 94 PAH patients concluded that changes in serial NT-proBNP levels were not sensitive enough to detect clinical changes in World Health Organisation (WHO) heart failure class or 6MWD for the individual patient. [14] Recently it has been shown that plasma concentrations of NT-proBNP follow a log-normal distribution in patients with chronic left heart failure. [15] This has led us to surmise that using the change in log-transformed NT-proBNP might be a better prognostic method. We sought to compare this novel method with using the change in untransformed values of NT-proBNP, and the traditional method of using changes in 6MWD. 6MWD has been a traditional surrogate end-point for trials in PAH and a change of at least 30m has been accepted as clinically significant. [16, 17, 18, 19] 
MATERIALS AND METHODS Subjects
A cross-sectional study was performed. All patients with PAH admitted to Papworth Hospital from March to June 2007 were screened. The inclusion criteria were: (a) a diagnosis of pulmonary arterial hypertension (either idiopathic or associated with connective tissue disease, CTD or congenital heart disease, CHD) or chronic thromboembolic pulmonary hypertension (CTEPH); (b) a clinically stable condition at the time of review in March to June 2007. Stability was defined as a lack of need for intervention, i.e. no change in types or doses of medication for PAH (including diuretics and excluding warfarin); and (c) an ability to perform a 6MWD not limited by any other condition other than their PAH.
The exclusion criteria were: (a) a diagnosis of pulmonary venous hypertension; (b) lack of a prior NT-proBNP level within the 6 months preceding their review; (c) a history of chronic renal problems and/or a creatinine of >150micromoll-1; and (d) an abnormal haemoglobin level, defined as ≤13.0 or ≥18.0 (men), or ≤11.5 or ≥16.0 (women). The latter were exclusion criteria since renal failure and anaemia have been shown to be related to increased NT-proBNP levels, independent of the severity of heart failure. [20, 21] 
Measurement of NT-proBNP
Peripheral venous blood was drawn at admission and stored in serum gel tubes. This was analysed using a sandwich immunoassay (Elecsys 1010) produced by Roche. The measuring range was 5-35,000pg/ml. The assay did not have any significant cross-reactions with atrial natriuretic peptide, B-type natriuretic peptide or N-terminal pro-atrial natriuretic peptide.
Study design
63 patients fulfilled the criteria for inclusion. Their NT-proBNP levels from their admission in March-June 2007 and the NT-proBNP level measured within the previous 6 months were extracted by a single researcher. Two other researchers who were blinded to the NT-proBNP data examined the clinical course of these patients for fifteen months. Patients were classified as having an adverse event if any of the following occurred: (a) death, (b) transplantation, (c) need for additional targeted therapy for PAH, or (d) hospitalisation for right heart failure.
Three methods were used to predict the occurrence of clinical adverse events. The first involved the comparison of two consecutive 6MWD, i.e. the difference between a 6MWD performed in March-June 2007 and a 6MWD performed up to 6 months previously. A cut-off of 30m was used, i.e., a decrease in 6MWD of 30m or greater was used to predict the occurrence of clinical adverse events and an increase in 6MWD of 30m or greater was used to predict a stable clinical course. 30m was chosen as a cutoff point as many trials have demonstrated that a change of ≥30m or ≥10% from baseline is required in the 6MWD to be clinically significant. [16, 17, 18, 19] The second method involved the comparison of two consecutive NT-proBNP values, i.e. the difference between a NT-proBNP value measured in March-June 2007 and a NT-proBNP measured up to 6 months previously. An increase in NT-proBNP of ≥250pg/ml was used to predict the occurrence of adverse events and a drop of ≥250pg/ml was used to predict stability. These cut-offs were chosen as a change of 250pg/ml represents approximately 30% change from the baseline median value of NT-proBNP for this cohort.
The third method involved comparison of the two consecutive NT-proBNP values as above but transformed by taking their loge equivalents, i.e. values for NT-proBNP were transformed to loge equivalents and the difference determined using the formula: loge(current NT-proBNP) -loge(previous NT-proBNP)=x. A cut-off value of 0.26 was used, i.e. a value of x≥+0.26 was used to predict the occurrence of adverse events and a value of x≤-0.26 was used to predict stability. The cut-off levels of +0.26 and -0.26 were chosen as they were equivalent to a 30% change from baseline, and hence comparable to the chosen cut-offs for absolute levels of NT-proBNP.
Statistical Analysis
Descriptive statistical analyses were carried out on the study population of 63 patients. Continuous variables are expressed as mean (SD) if normally distributed and as median (interquartile range) if not. The three methods were compared using receiver operating characteristic and Kaplan-Meier curves, and these were produced using Prism (version 5.0).
RESULTS
The 63 patients included in this study represented a mixture of idiopathic PAH, CTEPH and PAH associated with CTD and CHD. Their baseline characteristics are summarized in Table 1 . Hemodynamic values were taken from the latest right heart catheter available. As a whole they had moderate-to-severe PAH with an average mean PA pressure of 48.2±13.8 mmHg and a cardiac index of 2.3±0.7 lmin-1m-2.
15 patients suffered an adverse event. Their characteristics as compared to the stable patients are shown in Table 2 . As a whole the patients who deteriorated were younger but had a worse cardiac index (1.9±0.4 versus 2.4±0.7 lmin-1m-2, P<0.05). However, their other characteristics including mean PA pressures, WHO class and aetiologies of their PAH were not significantly different. There were also no significant differences in any of the 6MWD or the change in 6MWD.
The best method at predicting the occurrence of adverse events was a change in loge NT-proBNP values of ≥+0. 26 . This had a specificity of 98%, a sensitivity of 60%, a positive predictive value of 90% and a negative predictive value of 89%. A drop in 6MWD of ≥30m had a corresponding specificity of 29%, a sensitivity of 73%, a positive predictive value of 24% and a negative predictive value of 78%. Conversely a change in loge NT-proBNP values of ≤ -0.26 was better than an increase in 6MWD of ≥30m at predicting a stable clinical course. The sensitivity for the loge NT-proBNP method was 93% (cf. 73% for 6MWD), specificity was 42% (cf. 29% for 6MWD), positive predictive value was 33% (also 33% for 6MWD) and the negative predictive value of 95% (cf. 78% for 6MWD).
Receiver operating characteristic (ROC) curves were plotted for each of the three methods ( Fig. 1A-1C ). A ROC curve is a graphical plot of the sensitivity versus (1-specificity). A ROC curve representing a perfect prediction method would be a point in the upper left hand corner of the plot, representing 100% sensitivity and 100% specificity. [22] Conversely a ROC curve based on random chance would yield the 'line of no-discrimination', which is a diagonal line connecting the left bottom and top right corners. Therefore for a perfect prediction method the area under curve (AUC) would be 1.0 while a prediction based on random chance would have an AUC of 0.5. P-values can also be calculated based on ROC curves to show whether a prediction method is significantly better than pure chance. The method using the change in loge NT-proBNP has an AUC of 0.82 (P=0.0002). Conversely the ROC based on the change in 6MWD has an AUC of 0.59 (P=0.31).
Finally, Kaplan-Meier curves were constructed for each of these methods. The best method in discriminating between patients who deteriorated and those who did not was based on the change in log-transformed NT-proBNP (Fig. 1D, P<0.001) . Kaplan-Meiers based on the change in untransformed levels of NT-proBNP ( Fig.  1E ) did show significant discriminatory effects but this was not as significant as those based on the change in log-transformed NT-proBNP. The Kaplan-Meiers based on a decrease in 6MWD of ≥30m ( Fig. 1F ) failed to show significant discrimination. 
DISCUSSION
This study was originally triggered by our observation that there are some PAH patients with a stable 6MWD but increasing NT-proBNP levels who then go on to suffer a significant adverse event within the following year. There is also no current guidance as to what constitutes a significant change in NT-proBNP levels for PAH patients.
We accept that thinking in terms of a log change is not instinctive for clinicians. Therefore this concept is much more interpretable when one realises that a +0.26 difference in loge NT-proBNP is equivalent to a 30% change from baseline. This can be proven mathematically ( Table 3 ).
The main drawback of this study is that it is based on a small cohort which was reviewed retrospectively. However this study is meant to be a proof-of-concept model that demonstrates the applicability of this pragmatic approach to a wide population of PAH patients at different stages of their disease. Another drawback is that this method is not useful if the change in loge NT-proBNP lie between the chosen cut-off points. 28 out of 63 patients studied fell into this category. However this limitation also applies to other methods. When the 6MWD model was examined, 34 of the 63 patients had changes in their 6MWD between +30m and -30m. For this group, careful clinical monitoring with a low threshold for right heart catheterization remains the mainstay. Also, this study has necessarily excluded patients who were unable to perform a 6MWD as we were attempting to compare the use of 6MWD versus the use of NT-proBNP and loge NT-proBNP.
This study has also highlighted one of the aspects regarding 6MWD that is open to debate; namely that the change in 6MWD did not appear to track with clinical outcome. This has been suggested before by Sitbon, [23] who noted in their cohort of 178 IPAH patients that the increase from baseline of the 6MWD performed after three months of epoprostenol therapy did not correlate with survival. A meta-analysis of 16 trials involving 1962 PAH patients by Macchia [24] did not find a significant association between the placebo-corrected increase in 6MWD and estimated time to death. However a larger meta-analysis by Galiè [25] including 3199 PAH patients showed a significant reduction in overall mortality of 43%, associated with a significant average improvement in 6MWD of 35.6m. Therefore the relationship between changes in 6MWD and time to clinical worsening remains unclear.
In our cohort, there are a few plausible explanations for this finding. Firstly, the 6MWD is easily affected by factors other than PAH, such as musculoskeletal problems and psychological factors. In this study we have attempted to screen for such problems and to exclude patients in whom a 6MWD was felt to be unreliable. However a bias may still exist. Secondly, the patients in this study represented a mixture of aetiologies and treatments. This was done deliberately to capture a snapshot of the general population of patients with PAH that are seen in our centre and to prove that the novel method we proposed was generally applicable. Most of the validation of 6MWD as a prognostic tool has been done in selected and relatively homogeneous populations of different types of PAH. [18, 19, 26, 27, 28] The third explanation could be that this is a true finding, i.e. that the change in 6MWD is simply not very good at predicting clinical worsening. This is supported by preliminary findings from another study [29] which demonstrated that the AUC for using changes in 6MWD to predict clinical worsening was 0.56 (comparable with our value of 0.59).
Finally, one may speculate on the implications of this pilot study. It potentially provides a simple and pragmatic method to keep apparently stable patients under surveillance. It may prove useful in situations where a patient lives a significant distance away from their specialist centre. A positive test would then serve as a "red flag" that the patient needs to be reviewed urgently.
CONCLUSIONS
It seems possible to risk-stratify apparently stable PAH patients by following the changes in their serial logtransformed NT-proBNP values. The formula used was: loge (current NT-proBNP) -loge (previous NT-proBNP)=x.
A value of x≥+0.26; which is equivalent to a 30% increase from baseline, had a specificity of 98%, a sensitivity of 60%, a positive predictive value of 90% and a negative predictive value of 89% at predicting the occurrence of adverse events. In this small pilot study, this method was better than relying on changes in the actual levels of NT-proBNP or changes in 6MWD. This needs to be validated prospectively in a larger cohort. 
